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Abstract: Functional coatings are commonly applied to biomaterials in order to improve their
properties. In this work, polyethylene was coated with a silicon nitride (Si3N4) powder using a pulsed
laser source in a nitrogen gas atmosphere. Several analytical techniques were used to characterize the
functionalized surface of the polymer, including Raman spectroscopy, laser microscopy, scanning
electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS). Antibacterial properties
were tested in vitro against Staphylococcus epidermidis. The SisNy4 coating sensibly reduced the amount
of living bacteria when compared to the uncoated polymer. Osteoconductivity was also tested in vitro
using SaOS-2 osteosarcoma cells. The presence of SizNy coating resulted in an increased amount of
hydroxyapatite. Coating of polyethylene with silicon nitride may lead to improved performance of
indwelling orthopaedic or less invasive medical devices.

Keywords: laser cladding; polyethylene; silicon nitride; antibacterial; osteointegration

1. Introduction

Over the last three decades, polymeric materials have been extensively developed and used for a
broad range of biomedical applications, from packaging and single-use invasive devices (e.g., catheters)
to implantable prostheses (e.g., acetabular liners). However, only a limited number of these materials
are considered to be biocompatible [1]. These include: polyethylene (PE), polypropylene (PP),
polyurethane (PU), polytetrafluoroethylene (PTFE), poly(vinyl chloride) (PVC), polyamides (PA),
polymethylmethalacrylate (PMMA), polyacetal (PA), polycarbonate (PC), poly(-ethylene terephthalate)
(PET), polyetheretherketone (PEEK), and polysulfone (PSU). Their biocompatibility is believed to be
solely due to their bioinert nature. The most used materials belong to a family of low-cost technical
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polymers, such as PE, PVC, PP, and polystyrene, while the remaining plastics comprise only a minor
fraction of the medical market.

Technical polymers are selected and modified depending on their specific applications.
For example, packaging materials are often coated with a barrier layer to protect them against
damage by humidity and oxygen. Energetic photon [2,3], ion [4], and electron beam [5,6] processes are
used to modify polymeric surfaces in different ways. Polymers can also be coated or combined with a
second phase during synthesis to form polymer-matrix composites. In orthopaedics, PE [7] has been
prepared as a composite using different dispersoids such as carbon black [8,9], ceramics (TiO; [10],
Al,Os5 [11], CaCOj3 [12], hydroxyapatite [13]), and metallic fibres [14].

Silicon nitride (Si3Ny) is a structural non-oxide ceramic and a candidate for a number of orthopedic
applications because of its high strength and toughness [15]. However, unlike polymers, it is not bioinert,
but bioactive. Its unique surface chemistry provides it with antibacterial [16] and osteoconductive [17]
characteristics. Silicon nitride is currently cleared for use as an intervertebral spacer in spinal fusion
surgery [18].

In this paper, we attempted to functionalize the surface of bulk PE by coating it with activated SizNy
powder. It was hypothesized that the Si3sNy coating would protect the polymer from oxidation while
conferring both antibacterial and osteogenic properties. If true, this approach might be useful in improving
the lifetime of PE while concurrently reducing the risk of infection and promoting osteointegration.

2. Materials and Methods

2.1. Samples Production

Low-density polyethylene pellets (Sigma-Aldrich, Darmstadt, Germany) were used to prepare
substrates by melting at 125 °C under a low vacuum (10 Pa), in order to remove residual bubbles.
A rectangular silicone rubber molding (80 X 55 mm) was used to produce homogeneous samples that
were then cut into smaller pieces (10 X 10 mm) for various experimental purposes.

SINTX Technologies Corporation, Salt Lake City, USA provided both the Si3sN4 bulk samples and
the SizsN4 powder used in this investigation. The bulk material, which was used as a positive control in
biological testing, was prepared according to conventional ceramic fabrication techniques [19].

A Vision LWI VERGO-Workstation Nd:YAG laser with a wavelength of 1064 nm (max pulse energy:
70 joule, peak power 17 kW, voltage range 160-500 V, pulse time 1-20 ms, spot size 250-2000 um) was
used to clad the polyethylene with a silicon nitride powder coating.

The parameters used for laser coating were: voltage 225 V, pulse time 4 ms, and a spot size of
2000 um. The laser coating apparatus was operated under a constant flux of nitrogen gas in order to
prevent PE oxidation. The Si3N, powder was spread on the PE surface and then treated with the laser
beam to melt the material surface.

Silicon nitride powder (diameter between 5 um and 25 um) was deposited on the polyethylene
surface and heated using the laser beam for it to be embedded into the polymeric matrix.

2.2. Samples Characterization

Raman spectra were collected at room temperature using a single monochromator
(T-64000, Jobin-Ivon/Horiba Group, Kyoto, Japan) equipped with a 1024 x 256 pixels CCD camera
(CCD-3500V, Horiba Ltd., Kyoto, Japan) and analyzed using commercially available software
(LabSpec, Horiba/Jobin-Yvon, Kyoto, Japan). The excitation frequency used in all the experiments was
the 532 nm green line of an Ar-ion laser operating at a nominal power of 280 mW.

The surface morphology was characterized using a confocal scanning laser microscope
(Laser Microscope 3D and Profile measurements, Keyence, VKx200 Series, Osaka, Japan) capable of
high-resolution optical images with depth selectivity. All images were collected at 50X magnification.
The roughness of each sample was measured and averaged over 25 random locations.
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Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) (JSM-700
1E JEOL, Tokyo, Japan) were used to acquire high magnification images and chemical composition
maps of samples.

2.3. Biological Testing

Staphylococcus epidermidis (14990® ATCC™) cells were cultured in heart infusion (HI) broth
(Nissui, Tokyo, Japan) at 37 °C for 18 h and titrated by colony forming assay using brain heart infusion
(BHI) agar (Nissui). Aliquots of 1 X 107 bacteria were diluted in 10 uL of phosphate-buffered saline
(PBS) at physiological pH and ionic strength. The samples were preliminarily UV sterilized and
introduced into wells. To each well, 1 mL of the bacteria culture was added and incubated at 37 °C
under aerobic conditions for 12, 24, and 48 h.

5a0S-2 human osteosarcoma cells were first cultured and incubated in 4.5 g/L glucose DMEM
(p-glucose, L-Glutamine, Phenol Red, and Sodium Pyruvate) supplemented with 10% fetal bovine
serum. They were allowed to proliferate within Petri dishes for about 24 h at 37 °C. The final SaOS-2
concentration was 5 x 10° cell/mL. The cultured cells were then deposited on the top surface of the
samples, which were previously sterilized by exposure to UV-C light for 30 min. In osteoconductivity
tests, cell seeding took place in an osteogenic medium which consisted of DMEM supplemented with
about 50 ug/mL ascorbic acid, 10 mM [-glycerol phosphate, 100 mM hydrocortisone, and ~10% fetal
bovine calf serum. The samples were incubated up to 14 days at 37 °C. The medium was changed
twice a week during the incubation period. Subsequently, the cells were stained for fluorescence
microscopy with green dye to identify osteocalcin (Monoclonal, Clone 5-12H, dilution 1:500, TakaraBio,
Kusatsu-shi, Japan) and red dye to show the osteopontin (Osteopontin, O-17, Rabbit IgG, 1:500, IBL,
Maebashi-Shi, Gunma, Japan).

3. Experimental Results

3.1. Surface Characterizations of Pristine and Coated Substrates

Laser microscopy images and their relative three-dimensional plots are shown in Figure 1.
The surface of the bulk Si3sN4 sample (Figure 1a) appeared quite smooth (Ra = 0.011 + 0.001 pm) due
to polishing [19]. A higher surface roughness was found for the PE bulk sample (Figure 1b) as a
consequence of its preparation process (i.e., in particular, the surface roughness of the silicon rubber
mold), resulting in a Ra = 0.297 + 0.022 um. The laser-cladded polyethylene (Figure 1c) showed the
highest roughness (Ra = 0.602 + 0.138 pm) among the investigated samples due to the presence of the
SizNy particles embedded in the PE surface and the irregular re-melting of the polymer.

SEM images of the surface at higher magnification are provided in Figure 2. The surface of the
untreated polyethylene (Figure 2a) appeared relatively smooth at low magnification, but revealed a
lamellar structure with an average thickness of 3.5 + 0.6 um when observed under higher resolution.
The morphology of the PE surface modified with SizNy cladding (Figure 2b) was characterized by
the presence of Si3Ny particles partially embedded in the PE matrix. Micro-sized porosities can be
observed on the surface due to the cleaning process: some silicon nitride particles, not completely
embedded into the matrix, were removed from the treated surface during washing. The dimension of
the particles was inhomogeneous (diameter between 5 and 25 pm) and the distribution of the Si3Ny
particles was non-uniform across the surface.

A colored EDS map obtained at 1000x magnification (Figure 3) was used to check the distribution
of carbon (green) as a marker for the presence of polyethylene matrix. As expected, the silicon signal
(red) was concentrated at the ceramic particles with only limited overlap with the carbon signal in
the regions where the particles were embedded in the matrix (cf. surface analysis on the left side of
Figure 3). In a cross-section analysis (cf. on the right side of Figure 3), it was observed that the Si3Ny
particles did not penetrate deeply into the PE matrix. It was also observed that most of the particles
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were embedded to about 50%~70% of their external surface, leaving the remaining area exposed to
the environment.
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Figure 1. Laser microscopy images (left side) and relative topographic data (right side) of (a) bulk silicon
nitride, (b) untreated polyethylene matrix and (c) polyethylene matrix combined with Si3N; powders.

Figure 2. SEM images of (a) untreated polyethylene and (b) Si3Nj-coated PE substrate at
different magnifications.
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Figure 3. EDS maps of the SizNy-coated PE substrate; surface analysis and cross section analysis on the
left and right side, respectively.

Incorporation of Si3sNy onto the PE surface was confirmed by Raman spectroscopy. Figure 4 shows
the Raman spectra of the different samples: (a) bulk SizNy (reference material), (b) low density PE,
and (c) laser-cladded PE. Table 1 shows the band assignment relative to both raw materials. The strong
Si3N, bands at about 200 cm™! in (c) confirm the presence of the 3-SisNy4 phase, but also other weaker
vibrations, in particular, those related to the Ey; mode are still clearly visible [20].
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Figure 4. Raman spectra of 3 different samples: (a) bulk Si3sNy, (b) PE substrate, and (c) SizNy-coated
PE substrate.
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Table 1. Raman band assignments for SizNy (left) and PE (right).

Bands Position (cm™1) Assignments Bands Position (cm~1) Assignments
184 Eog 1062 C-C stretching
204 Ag 1081 C-C stretching
227 Eig 1129 C-C stretching
448 Eog 1170 CH, rocking
613 Epg 1271 CH, twisting
727 Ag 1295 CH, twisting
857 Eig 1304 CH, wagging
922 Epg 1369 CH,; bending
933 Ag 1418 CH; bending
1040 Eog 1440 CH,; bending

1460 CH, rocking

Low density polyethylene Raman spectra (b) shows three main bands at 1062, 1081 and 1129 cm~!
that represents the C-C stretching; additional bands (from 1170 to 1460 cm™') represent different
bending modes of the CH; bonds [21]. In the Raman spectrum of cladded PE, polymer-related bands
were weaker due to the presence of the ceramic layer on the surface.

3.2. In Vitro Bacterial Testing

A Microbial viability assay (WST) showed the amount of live bacteria on different sample surfaces
(Figure 5). After 12 h of exposure, the SizN4-cladded PE showed a lower amount of living bacteria as
compared with both the negative (bulk PE) and the positive (Si3N4) control. After 24 h the number of
bacteria on both the pristine and the laser-cladded PE samples increased, with the latter still showing
better antibacterial performance. It should be noted that the positive Si3sN4 control, which showed a
relatively higher amount of bacteria at 12 h, performed better at 24 h. This is in line with previous
results on SizNy, where the “activation” of the surface antibacterial effects reflects the kinetics of
released nitrogen species, in particular when the surfaces are polished [22]. At the end of the treatment
(48 h) the presence of the bacteria on the Si3N4-cladded PE exhibits twice as high amounts of bacteria as
compared to 24 h, but the values of Optical Density are still lower compared with the negative control.

20 240 2sh

1.75
1.65
1.55
1.45
1.35
1.25
1.15
1.05
0.95
0.85
0.75

Optical Density (OD)

Polyethylene Si;N, Si;N, coated

Figure 5. Biological assay of Staphylococcus epidermidis as a function of bacterial exposure time.
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Fluorescence microscopy analyses (Figures 6 and 7) showed the presence of dead and living
bacteria on the different substrates. Three stains were used to identify the different bacterial states:
CFDA green stain was used for live bacteria, PI red stain for dead bacteria, and DAPI blue stain for the
nuclei of the bacteria. At all testing times, the PE substrate (Figure 6) showed higher amounts of live
bacteria on its surface. The number of dead bacteria was very low as compared to the total number of
bacteria present on the surface (expressed by the number of nuclei stained blue). A greater number of
bacteria were present on the surface of the Si3sNy-cladded PE (Figure 7, cf. blue stain), but most of them
were dead (cf. red stain).

Polyethylene substrate
CFDA P1 DAPI

12h

24h

48h 8

Figure 6. Fluorescence micrographs of the PE substrate after bacteria testing. Green stain (CFDA) marked
the live bacteria, the red stain (PI) the dead bacteria, and the blue stain (DAPI) the bacterial cells’ nuclei.

Si;N, coated substrate
CFDA Pl DAPIL

12h |

24h

48h [

Figure 7. Fluorescence micrographs of the Si3Ny-coated PE substrate after bacteria testing. Green stain
(CFDA) marked the live bacteria, the red stain (PI) the dead bacteria, and the blue stain (DAPI) the
bacterial cells” nuclei.
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3.3. In Vitro Osteosarcoma Testing

Figure 8 shows the laser micrographs of sample surfaces after SaOS-2 cells treatment. The positive
control SizNy (Figure 8a) shows a large amount of bone tissue, consistent with previous observations [23].
Conversely, no bone tissue was formed on the bulk PE sample used as the negative control
(Figure 8b). The Si3Ny-cladded PE surface (Figure 8c) showed an almost homogeneous distribution of
hydroxyapatite particles (cf. white areas in the micrograph).
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Figure 8. Laser microscopy images (left side) and relative topographic data (right side) of (a) bulk
SigNy (positive control), (b) PE substrate, and (c) Si3sNy-coated PE substrate after SaOS-2 cell treatment.

The microbial viability assay (WST) results provide data on the number of living cells on the
surface of the different samples (Figure 9). The SizsNy4-cladded PE surface showed lower cytotoxicity as
compared to bulk PE and thus, higher cell proliferation. The data labeled as 2D represent cells in their
medium without any substrate, as a positive control.
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Figure 9. Biological assay (absorbance at 450 nm) of all the investigated samples after in vitro SaOS-2
cell exposure.
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Fluorescence micrographs (Figure 10) indicate the presence of mineralized tissue by means of
different stains: blue for cell nuclei; green for osteocalcin, and red for osteopontin. Both red and green
markers suggest the presence of mineralized bone tissue. Bulk SisN4 showed the highest amount of
osteocalcin and osteopontin in the bone tissue synthesized by cells during the treatment, while the
silicon nitride particles embedded in the PE surface increased the formation of hydroxyapatite crystal
as compared to bulk PE.

Si;N, ‘ ‘ Polyethylene + Si;N, ‘ ‘ Polyethylene

Nuclei

QOsteocalcin

2

Osteopontin

Figure 10. Fluorescence micrographs of the investigated samples after exposure to SaOS-2 cells. Green and
red stain marked osteocalcin and osteopontin, respectively, while the blue stain located the cells’ nuclei.

4. Discussion

Surface analyses showed that laser cladding could be suitable for producing a SizN4 coating on
the PE surface. Compared with prior studies using a SizNy coating on a Ti-alloy [24], the ceramic
powders did not undergo chemical decomposition to form free Si. This might be due to the presence of
a “soft” polymeric matrix that melted at relatively low power densities.

The presence of stoichiometric Si3Ns particles resulted in an active antibacterial effect.
Previous work showed how SizNy in an aqueous environment generates ammonia that damages
bacterial cells [25-27]. When compared to previous data, the antibacterial effect seems to act faster in
the laser cladded coating, probably due to increased surface area.

Biological assays confirmed that the Si3N4 powders reduced the proliferation of bacteria on the PE
coated surface as compared to bulk PE, especially after long-term exposure. Fluorescence microscopy
analyses also confirmed the antibacterial effect of the SisNy4 coating. Additionally, the N and Si species
released from SizN4 enhanced cell proliferation and bone tissue formation [28-30].

In summary, the Si3Ny laser-cladded coating process was found to be capable of transferring the
beneficial biological properties of bulk Si3Ny to PE.
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5. Conclusions

In this work, polyethylene substrates were cladded with Si3Ny powder using a Nd:YAG
laser. Biological testing showed that the silicon nitride coating provided both antibacterial and
osteoconductive properties to the PE substrate. This new composite technology could be useful in
improving antimicrobial and osteointegration characteristics of indwelling prosthetics made from
polyethylene, as well as other applications that require less invasive contact with human biology.
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